Introduction
Porcine circovirus (PCV) was first detected as a contaminant of a continuous pig kidney cell line (PK-15) (Tischer et al., 1974) . This cell culture isolate (PCV PK-15) was shown to possess a circular ssDNA genome of 1n76 kb (Tischer et al., 1982 ; Buhk et al., 1985 ; Meehan et al., 1997) . On the basis of its morphology and circular ssDNA genome, PCV PK-15 was classified in a newly recognized animal virus family, the Circoviridae (Lukert et al., 1995) . Although circoviruses have been identified in a range of animal species (Todd et al., 1990 (Todd et al., , 1991 Ritchie et al., 1989) , PCV PK-15 is the only mammalian circovirus yet encountered.
Serum antibody to PCV PK-15 has been demonstrated in pigs from Germany (Tischer et al., 1982 (Tischer et al., , 1986 , Canada (Dulac & Afshar, 1989) , Great Britain (Edwards & Sands, 1994) and Northern Ireland (Allan et al., 1994) . Experimental infection of Author for correspondence : Gordon Allan.
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countries. We report the cloning and characterization of novel circovirus DNAs purified from virus isolates made from tissues of North American and European pigs with wasting syndromes. These North American and European circoviruses form a closely related group at the nucleotide sequence level ( 96 % intra-group nucleotide sequence identity) but exhibit 80 % nucleotide sequence identity with the PCV PK-15 cell culture isolate. This report provides evidence for a new type of possibly pathogenic PCV. We propose that these new circoviruses should be referred to as PCV2 as opposed to the original PK-15 cell culture isolate, which should be referred to as PCV1.
pigs with PCV PK-15, however, did not produce clinical disease (Tischer et al., 1986 ; Allan et al., 1995) .
Post-weaning multisystemic wasting syndrome in pigs (PMWS), first identified in Western Canada in 1991 (Clark, 1997 ; Harding, 1997) , is characterized by progressive weight loss, respiratory signs and jaundice. Macroscopic lesions include granulomatous interstitial pneumonia, lymphadenopathy and lymphocytic granulomatous hepatitis and nephritis. Similar syndromes have been described in pigs in California (Daft et al., 1996) , France (LeCann et al., 1997) and Spain (Segale! s et al., 1997) .
PCV PK-15-like antigen and nucleic acid were demonstrated in tissues of pigs with PMWS in Canada , and in tissues from pigs exhibiting similar syndromes in California (Daft et al., 1996) , France (LeCann et al., 1997) and Spain (Segale! s et al., 1997) .
The demonstration of PCV PK-15-like antigen and nucleic acid, closely associated with lesions in a range of tissues from diseased pigs, led to speculation that a new or modified pathogenic PCV may have emerged in the pig populations of several countries LeCann et al., 1997 ; .
In this study, we have characterized the genomes of novel circoviruses isolated from North American and European pigs exhibiting wasting syndromes and compare their nucleotide sequences with that of the non-pathogenic PCV PK-15 cell culture isolate.
Methods
Virus isolates and cells. Tissue samples were obtained from pigs exhibiting clinical signs typical of PMWS (Clark, 1997 ; Harding, 1997) . A sample of lung was obtained from a diseased Californian pig (USA ; designated Imp.999, kindly supplied by B. Daft, UCLA, Davis, CA, USA). Mesenteric lymph nodes were collected from diseased pigs originating from Brittany, France (designated Imp.1011-48121 and Imp.1011-48285, each from different farms) and Saskatoon, Canada (designated Imp.1010-Stoon). All samples were examined for the presence of PCV PK-15-like virus by in situ hybridization (ISH).
Tissue samples shown to contain abundant PCV PK-15-like nucleic acid were subsequently used for virus isolation as described previously . Briefly, lung tissue from Imp.999 and mesenteric lymph node tissues from Imp.1010-Stoon, Imp.1011-48121 and Imp.1011-48285 were frozen at k70 mC immediately after necropsy. All virus isolations were carried out in PK-15A cell cultures, shown previously to be free of contaminating PCV PK-15, and also other common pig viruses such as porcine pestivirus, adenovirus and parvovirus, transmissible gastroenteritis virus and porcine reproductive and respiratory syndrome virus (Allan et al., 1995 .
A continuous pig kidney cell line persistently infected with PCV PK-15 (PK-15W), obtained from the Central Veterinary Laboratory (Weybridge, UK), was used as a PCV PK-15 positive control. Virus growth was monitored by immunofluorescence as described by Allan et al. (1994) using monoclonal antibodies specific to the PCV PK-15 isolate and circoviruses associated with wasting syndromes (Allan et al., 1994 . For the purposes of virus and viral DNA purification, virus yield was improved by treating the cells with glucosamine (Tischer et al., 1987) .
In situ hybridization (ISH). ISH was carried out on formalin-fixed tissues from diseased pigs and also on formalin-fixed cover-slip cell culture preparations that had been inoculated for virus isolation as described previously . Genomic probes for both PCV PK-15 and the avian circovirus chicken anaemia virus (CAV) were used . Both of these cloned circovirus replicative forms (RFs) were shown previously to represent functional RFs, capable of producing infectious virus following transfection (Meehan et al., 1997 ; Todd et al., 1995 Todd et al., , 1996 .
The bacterial plasmid pPCV1, containing an RF of the non-cytopathic PCV PK-15 cell culture isolate (Meehan et al., 1997) was used as a source of PCV PK-15-specific viral DNA for probe production. An analogous bacterial plasmid, pCAA-1, containing an RF of CAV (Todd et al., 1991 a) was used as a negative control. ISH was carried out as described previously .
Analyses and cloning of circovirus DNA. Circovirus RF DNA was purified from infected PK-15A cells (6i75 cm# cell culture flasks) harvested 24-76 h after glucosamine treatment, essentially as described for the cloning of the circovirus CAV RF (Todd et al., 1991 a) using a modification of the Hirt procedure (Hirt, 1967) as described by Molitor et al. (1984) . The numbers of cell culture passages for each virus isolate prior to DNA extraction using the Hirt procedure were as follows : Imp.999, nine passages ; Imp.1010-Stoon, twenty passages ; Imp.1011-48121, two passages ; Imp.1011-48285, three passages.
Hirt DNA extracts from circovirus-infected PK-15A cells were analysed by agarose gel electrophoresis following digestion with a range of common restriction endonucleases (RE ; Boehringer) and S1 nuclease (Amersham) using standard techniques (Todd et al., 1990 ; Sambrook et al., 1989) . Circovirus RF DNAs, linearized following digestion with EcoRI, were gel-purified and subsequently cloned into the bacterial plasmid pGem-7Z (Promega) using standard techniques (Sambrook et al., 1989) . Circovirus clones were checked by RE digestion prior to plasmid purification using a Qiagen Maxi Plasmid kit in accordance with the manufacturerhs instructions.
Transfection capabilities of cloned circovirus DNAs. Transfection was carried out as described previously (Meehan et al., 1997) using the DEAE-dextran method of Sompayrac & Danna (1981) . Briefly, 0n1-0n5 µg EcoRI-digested cloned circovirus DNA in pGem-7Z was added to 350 µl RPMI 1640 medium containing 200 µg\ml DEAEdextran ; this mixture was applied to a semi-confluent monolayer of PK-15A cells and incubated for 4-6 h before washing the cell surface with fresh medium. Virus infection was detected by indirect immunofluorescence following transfection and passage in cell culture (acetonefixed cells dried on multispot slides as described previously) using monoclonal and polyclonal antibodies to both the PCV PK-15 isolate and the circoviruses associated with wasting syndromes . For the generation of virus pools, the transfected monolayer was incubated with fresh medium for 72 h prior to subculturing and ' superinfecting ' as described previously .
Nucleic acid sequence determination. Only those cloned circovirus RFs that were shown to be capable of producing infectious virus following transfection were selected for nucleotide sequence determination. The nucleotide sequences of selected cloned circovirus RFs (Imp.999 EcoRI no. 8 ; Imp.1010-Stoon EcoRI no. 14 ; Imp.1011-48121 EcoRI no. 17 ; and Imp.1011-48285 EcoRI no. 12) were determined by dideoxy chemistry. Reactions were carried out using a Dye Terminator Ready Reaction Cycle Sequencing kit utilizing AmpliTaq DNA polymerase FS (Perkin Elmer) on an Applied Biosystems ABI 373A automated DNA sequencer in accordance with the manufacturer's instructions. Initial sequencing reactions were carried out using the M13 forward and reverse primers of pGem-7Z. The remaining sequence data were generated with a primer walking strategy. The nucleotide sequence of each circovirus clone was determined in each direction in at least duplicate. Nucleic acid sequence data were assembled and edited using a combination of the Applied Biosystems 373A DNA Sequencer Data Analysis Program and Sequence Navigator software.
Genomic analyses of cloned circovirus DNAs. The nucleotide sequences of cloned circovirus genomes were analysed using a combination of the MacDNASIS sequence analysis software (Hitachi) and the GCG sequence analysis software (Wisconsin Package, version 8.0). Putative circovirus ORFs were further analysed with the Blast algorithm (Altschul et al., 1990) using the non-redundant nucleic acid sequence database at the National Centre for Biotechnology Information (NCBI, USA).
Results and Discussion
This study was designed to characterize the DNAs of circoviruses that were associated with emerging wasting syndromes, such as PMWS, in pigs from North America and Europe. This paper contains the first published nucleotide sequences of circoviruses associated with wasting syndromes in pigs. Comparison of their nucleotide sequences with that of the PCV PK-15 cell culture isolate identified these circoviruses as a new type of porcine circovirus. 
Isolation of circoviruses associated with wasting syndromes in pigs
No cytopathic effect was observed in cell cultures inoculated with specimens from pigs that had symptoms of wasting disease. No immunostaining was observed using an FITCconjugated antiserum to porcine parvovirus, porcine adenovirus, classical swine fever virus, transmissible gastroenteritis virus or porcine reproductive and respiratory syndrome virus . PCV PK-15-like viruses were isolated from all of the cell cultures inoculated. The differential reactivities of these circovirus isolates to a panel of monoclonal antibodies prepared to PCV PK-15 and circovirus associated with wasting syndromes in pigs was described previously .
Analyses of circovirus DNAs in infected cells
The DNA profile of Hirt-extracted low-molecular-mass DNAs obtained from cells infected with the Imp.1010-Stoon isolate is shown in Fig. 1 (a) . This pattern of DNAs is representative of that observed with the other circovirus isolates associated with wasting syndromes in pigs that were investigated.
Three low-molecular-mass DNA species were detected in gels. The levels of these DNAs were higher than those observed in our laboratory using the PCV PK-15 cell culture isolate from the persistently infected PK-15W cell line (data not shown).
RE digestion was used to further characterize the candidate circovirus DNA species observed directly in the crude Hirt preparations. Changes in migration patterns following RE and S1 digestion suggest that these DNA bands correspond with the various forms of circovirus DNA species encountered in infected cell extracts (Fig. 1 b) . For example, the linearization of the possible open-circular (OC) form of the virus RF was accompanied by the concomitant disappearance of the possible closed-circular (CC) form. In addition, the S1 nuclease sensitivity exhibited by the lowest molecular mass band (Fig. 1 b) , which migrated to a position expected for other circovirus genomic ssDNA (Meehan et al., 1992 ; Todd et al., 1990) , strongly suggests that the DNA species present in the crude Hirt preparations corresponds with high levels of circovirus DNA species in infected cell extracts. Small changes in the migration pattern of circovirus DNA species following RE digestion, such as the increase in the migration of the largest DNA species following conversion to the linearized OC form, were not observed when the migration of circovirus DNA species was monitored by Southern blot hybridization using a virus-specific probe (Meehan et al., 1992 ; Todd et al., 1990 Todd et al., , 1996 .
In earlier papers on the PCV PK-15 cell culture isolate (Tischer et al., 1987 ; Tischer & Buhk, 1988) , the presence of OC, CC and single-stranded (SS) forms of the viral DNAs was reported. However, the results of the present study differ from those obtained by Tischer et al. (1987) and Tischer & Buhk (1988) in so much as characterization of the PCV PK-15 DNA species was carried out following radiolabelling of viral DNAs in vivo. The results of the present study also contrast with those obtained by Tischer & Buhk (1988) where high levels of an additional PCV-specific subgenomic fraction of small ssDNA molecules with a sedimentation coefficient of about 5S were observed. This 5S ssDNA species, also detected encapsidated in purified virion preparations (Tischer & Buhk, 1988) , has since been shown to represent a discrete population of defective PCV PK-15 genomes (Mankertz et al., 1997) . Such high levels of the 5S defective ssDNA species may have arisen as a result of the continuous passage that the persistently infected PK-15 cell line (PK-15W) has undergone. No such small defective genome was observed in any of the Hirt preparations from circoviruses associated with wasting syndromes in pigs. Such high levels of circovirus DNA species in the cells of infected animals may have a contributory role in the pathogenesis of wasting syndromes in pigs.
Although changes in the mobility of contaminating highmolecular-mass cellular DNAs were also observed following RE digestion of the crude circovirus Hirt preparations, giving rise to background detail in the RE profiles, it was apparent that the circovirus RF DNA species had different RE patterns to that predicted for the PCV PK-15 cell culture isolate (Meehan et al., 1997 ; Mankertz et al., 1997) . Although slight differences in the RE digestion profile were observed between the Hirt preparations from individual isolates, e.g. the Imp.999 and Imp.1010-Stoon isolates lacked the unique PstI site found in both Imp.1011 isolates (data not shown), the predominant species were all unique in possessing a single EcoRI restriction site not found in the genome of the PCV PK-15 tissue culture isolate (Meehan et al., 1997 ; Mankertz et al., 1997) . The RE profiles obtained from direct analyses of the crude Hirt DNA extracts from virus isolates associated with wasting syndromes in pigs should be regarded as representative of the population as a whole and not as the definitive RE profile of individual small subpopulations.
Cloning of circovirus RF DNAs
Circovirus RF DNAs, linearized following digestion with EcoRI, were gel-purified from EcoRI-digested Hirt preparations and cloned into the bacterial plasmid pGem-7Z. Plasmids containing individual cloned circovirus RFs (" 1n8 kbp) were selected following RE analysis (data not shown). In all cases, 80 % of the molecularly cloned virus RFs were shown to be capable of producing infectious virus following transfection. One cloned virus RF (Imp.999 EcoRI no. 2) that failed to produce infectious virus following transfection was shown to contain a small (" 7 nt) deletion (data not shown). It is possible that these defective virus RFs may occur naturally. Such defective RFs may undergo reduction in size following repeated passage and evolve into much smaller ssDNA species similar to the distinctive 5S ssDNA species observed in continuously passaged cells infected with the PCV PK-15 isolate as described previously (Tischer & Buhk, 1988) .
Sequence analyses of cloned circovirus RF DNAs
Only cloned circovirus RFs that contained functional genomes, as demonstrated by their ability to produce infectious virus following transfection, were selected for nucleic acid sequence determination. One such cloned RF from each isolate investigated was selected at random. The nucleotide sequences of the respective cloned circovirus RFs (Imp.999 EcoRI no. 8 ; Imp.1010-Stoon EcoRI no. 14 ; Imp.1011-48121 EcoRI no. 17 ; and Imp.1011-48285 EcoRI no. 12) are shown in Fig. 2 .
The molecularly cloned circovirus isolates associated with wasting syndromes in pigs form a closely related group with 96 % intra-group nucleotide sequence identity. Higher levels of nucleotide sequence identity were observed between the individual European (99n8 %) and North American (99n5%) isolates than within the group as a whole. All of these circoviruses exhibit 80 % nucleotide sequence identity with the PCV PK-15 cell culture isolates (Meehan et al., 1997 ; Mankertz et al., 1997) .
In all of the circoviruses investigated, a number of deletions were present, dispersed throughout the genome, compared to the PCV PK-15 isolate. The positions of these deletions in relation to the genome of the PCV PK-15 isolate are shown in Fig. 2 .
The nucleotide sequence comparisons confirm earlier findings from ISH that the porcine circoviruses associated with wasting syndromes in pigs have regions of nucleotide sequence homology with the PCV PK-15 cell culture isolate . However, these results contrast with those obtained by other workers investigating circoviruses associated with wasting syndromes in pigs (LeCann et al., 1997) in which a circovirus that exhibited " 98 % nucleotide sequence identity with the PCV PK-15 cell culture isolate was isolated. This finding suggests that viruses very similar to the PCV PK-15 isolate may also be found in the field (LeCann et al., 1997) .
In an earlier report, at least three circovirus RE types were identified by PCR from Canadian pigs affected with PMWS (Nayar et al., 1997) . Given that the North American and European circoviruses which we have characterized form closely related groups, the result obtained by Nayar et al. (1997) could perhaps be accounted for by the amplification of DNAs specified by viruses similar to both the PCV PK-15 isolate and the circoviruses associated with PMWS DNAs (Meehan et al., 1997 ; Mankertz et al., 1997) ; b, banana bunchy top virus (Harding et al., 1993) ; c, coconut foliar decay virus (Rohde et al., 1995) ; d, subterranean clover stunt virus (Boevink et al., 1995) ; e, geminivirus consensus motif (Lazarowitz, 1987) . from diseased pigs. The presence of distinct populations of defective virus genomes may also account for the number of circovirus RE types identified in PCR-amplified DNAs from diseased pigs (Nayar et al., 1997) .
A sequence with the potential to form a distinctive stem-loop structure, similar to that encountered in the genome of the PCV PK-15 isolate, was also observed in the putative virus strand of the Imp.1010-Stoon EcoRI no. 14 RF (nt position 329-360) and encompasses the nonanucleotide AAG-TATTAC (nt position 341-349). By analogy with the PCV PK-15 isolate (Meehan et al., 1997 ; Mankertz et al., 1997 Mankertz et al., , 1998 , geminiviruses (Lazarowitz, 1987) and other unassigned plant circular ssDNA viruses (Harding et al., 1993 ; Boevink et al., 1995 ; Rohde et al., 1995) , this stem-loop structure and nonanucleotide motif is thought to represent the origin of rolling-circle DNA replication (Gilbert & Dressler, 1968) . The position of the nonanucleotide motif found in the putative virus strand of the genome of the cloned Imp.1010-Stoon EcoRI no. 14 RF and its relationship to other nonanucleotide motifs are given in Fig. 3 (a, b) . A virus-specified replicationassociated protein (Rep) is thought to be involved in the nicking and joining reaction at the nonanucleotide motif present at the origin of replication (Meehan et al., 1997 ; Mankertz et al., 1998) .
Protein sequence analyses
The nucleotide sequence of Imp.1010-Stoon EcoRI no. 14, taken as representative of the other circoviruses associated with wasting syndromes in pigs, was further analysed using the Blastx algorithm (Altschul et al., 1990 ) and a combination of programs from the Genetics Computer Group package (Wisconsin Package).
There were six ORFs encoding putative proteins of 6 kDa in the genome of the Imp.1010-Stoon EcoRI no. 14 cloned virus isolate. Of these, four ORFs shared significant homology with analogous ORFs present in the genome of the cloned PCV PK-15 genome (Meehan et al., 1997) . Each of these four ORFs was present in the genomes of all of the circoviruses associated with wasting syndromes in pigs that were investigated. The molecular masses of each of the four predicted proteins, in descending order, were as follows : ORF1, 37n7 kDa (nt 398-1342) ; ORF2, 27n8 kDa (nt 1381-314) ; ORF3, 11n8 kDa (nt 1018-704) ; and ORF4, 6n5 kDa (nt 912-733). The nucleotide positions refer to those on the putative virus encapsidated genomic ssDNA. A schematic representation of the positions of these ORFs on the cloned circular Imp.1010-Stoon EcoRI no. 14 RF is shown in Fig. 4 .
The individual ORFs correspond directly to, and possess significant protein sequence homologies with, analogous ORFs present in the genome of the cloned PCV PK-15 cell culture isolate. The relationship between the four major ORFs present (Mankertz et al., 1998) are underlined. in the genome of the Imp.1010-Stoon EcoRI no. 14 and the PCV PK-15 isolate is shown in Fig. 5 .
Comparison of the genome organization of the Imp.1010-Stoon EcoRI no. 14 RF DNA and PCV PK-15 isolates has allowed the identification of four conserved ORFs present in the genome of both viruses. The greatest protein sequence identity was observed between the respective ORF1s (86 %). This was expected as this protein has been shown to be essential for virus replication (Meehan et al., 1997 ; Mankertz et al., 1997 Mankertz et al., , 1998 . The functional motifs present in the PCV PK-15 isolate ORF1 (Mankertz et al., 1998) were also present in the ORF1s of all the circoviruses associated with wasting syndromes in pigs. The positions of these motifs are shown in Fig. 5 .
The largest potential ORF (ORF1) is the only putative protein encoded by the PCV PK-15 cell culture isolate that has been characterized (Meehan et al., 1997 ; Mankertz et al., 1997 Mankertz et al., , 1998 . The PCV PK-15 ORF1 contains motifs characteristic of proteins involved in rolling-circle DNA replication (Ilyina & Koonin, 1992) and has been shown to be essential for virus replication (Mankertz et al., 1998) . No other encoded proteins have been characterized.
Protein sequence identity between the respective ORF2s was lower (66n4 % identity) than that of the ORF1s but each of the ORF2s shared a highly conserved basic N-terminal region, similar to that observed in the N-terminal region of the major structural protein of the avian circovirus CAV (Meehan et al., 1992) . Greater differences were observed between the respective ORF3s and ORF4s. In each case, there was a deletion of the C-terminal region of Imp.1010-Stoon EcoRI no. 14 ORF4 and ORF3 (56 and 102 aa, respectively) compared to the corresponding ORFs present in the genome of the PCV PK-15 isolate. The highest protein sequence homology was observed at the N-terminal regions of both ORF3 (61n5 % identity over area of overlap) and ORF4 (83 % identity over area of overlap).
ORF1 is the only ORF identified in the PCV PK-15 RF large enough to encode the PCV major structural protein of 36 kDa (Tischer et al., 1982) . As there are no examples of circular ssDNA viruses where the Rep is also the structural protein (Meehan et al., 1997 ; Mankertz et al., 1997) , the major structural protein of the PCV PK-15 isolate is thought to arise as a result of splicing (Mankertz & Buhk, 1990 ; Mankertz et al., 1993) . This is substantiated by unpublished Northern blot analysis of PCV PK-15-infected cells (Mankertz & Buhk, 1990 ; Mankertz et al., 1993) which has suggested that transcription takes place on both DNA strands to generate three distinct PCV PK-15-specific RNA transcripts (Mankertz et al., 1993 ; Mankertz & Buhk, 1990) .
The nucleotide sequence differences observed between these circovirus isolates highlights conserved regions at the Nterminal regions of the respective ORF2s and ORF4s. This may provide an insight into the origins of the major structural protein. Splicing that facilitates the joining of coding regions within ORF2 and ORF4 could produce a potential ORF of 34n3 kDa, a size similar to that necessary for the coding of the major structural protein of the PCV PK-15 isolate (Tischer et al., 1982) . Conclusive identification of the ORF encoding the major structural protein of both isolates awaits further transcript mapping and protein sequence investigation.
The striking differences in the protein sequence encoded by putative ORFs present in the PCV PK-15 and Imp.1010-Stoon EcoRI no. 14 circovirus isolates are consistent with the finding that the porcine circoviruses associated with wasting syndromes in pigs were antigenically distinct from the PCV PK-15 cell culture isolate .
Given the extensive nucleotide and protein sequence differences, we suggest that the circoviruses associated with cases of wasting syndromes in pigs in North America and Europe represent a new type of PCV. We propose that these new circoviruses should be referred to as PCV2 as opposed to the original PK-15 cell culture isolate which should be referred to as PCV1. The aetiological role of PCV2 in wasting syndromes in pigs is currently under investigation. Investigation of the transfection capability of cloned tandemly-repeated chicken anaemia virus DNA fragments. Archives of Virology 141, 1523-1534.
